ABSTRACT Hessian ßy puparia (37,167), Mayetiola destructor (Say), did not survive a large-scale commercial test (three freight containers) of a new quarantine treatment using compression (32 kg/cm 2 ) and hydrogen phosphide fumigation (61 g/28.2 m 3 ) for large-size, polypropylene fabricwrapped bales of hay exported to Japan. Mean Ϯ SEM temperatures in the large-size bales in different locations in the freight containers ranged from 18.0 Ϯ 0.9 to 26.0 Ϯ 1.3ЊC during the 7-d test conducted in a heated building at 20.1 Ϯ 1.1ЊC. Highest concentrations of hydrogen phosphide in most locations in the freight containers were observed after 3 d of fumigation and ranged from 366.7 Ϯ 96.1 to 425.0 Ϯ 162.7 ppm (mean Ϯ SEM) and throughout the 7 d of fumigation ranged from 253.6 Ϯ 59.9 to 407.1 Ϯ 76.5 ppm (mean Ϯ SEM). Hydrogen phosphide residues after fumigation and aeration were Ͻ10 ppb and were below the U.S. Environmental Protection Agency tolerance of 0.1 ppm in animal feeds. The results of the test fulÞlls regulatory agency testing requirements and conÞrms the efÞcacy of the treatment to control Hessian ßy in large-size, polypropylene fabric-wrapped bales of hay. Hessian ßy puparia (2,160) did not survive a large-scale commercial test of compression (105 kg KEY WORDS Mayetiola destructor (Say), pressure, hydrogen phosphide fumigation HESSIAN FLY, Mayetiola destructor (Say), is a pest of regulatory concern in timothy, alfalfa, oat, Sudan grass, and Bermuda grass hays exported to Japan. A multiple quarantine treatment of compression (Ն80 kg/cm 2 ) and hydrogen phosphide fumigation (60 g/28.3 m 3 aluminum phosphide for 7 d at 22ЊC) was developed through basic laboratory tests and largescale commercial testing of the puparial stage (Yokoyama et al.
) and hydrogen phosphide fumigation (60 g/28.3 m 3 aluminum phosphide for 7 d at 22ЊC) was developed through basic laboratory tests and largescale commercial testing of the puparial stage (Yokoyama et al. 1993a (Yokoyama et al. , b, 1994a (Yokoyama et al. , b, 1996 (Yokoyama et al. , 1999 . The treatment was approved by regulatory agencies to control Hessian ßy in compressed standard bales of hay and Þlm-wrapped units of compressed standard bales (46 Ð 61 cm long) fumigated in freight containers (Yokoyama et al. 1999) .
A new quarantine treatment is needed to control Hessian ßy in large-size (114 cm wide by 114 cm long by 76 cm high), polypropylene fabric-wrapped bales of hay. The large size of the bales and the unique bale processing method excluded the procedure from the previously developed multiple quarantine treatment for compressed standard bales. A test protocol (Yokoyama and Miller 2001) to conÞrm the efÞcacy of compression and hydrogen phosphide fumigation to control Hessian ßy in large-size, polypropylene fabricwrapped bales had been developed and approved by regulatory agencies. The testing procedures were evaluated in a study conducted in April 2001.
The multiple quarantine treatment developed to control Hessian ßy in compressed standard bales is based on a 7-d fumigation period. A shorter fumigation period such as 3 d would make the procedure more economical for hay exporters. High mortality (97Ð 99%) of the puparial stage was observed in 3-d laboratory fumigations at 1.7 and 2.6 g/m 3 hydrogen phosphide (Yokoyama et al. 1994b) . Highest fumigant concentrations were observed after 3 d in Þeld tests (Yokoyama et al. 1993a (Yokoyama et al. , 1996 (Yokoyama et al. , 1999 . Additional testing is needed to determine if a fumigation period of 3 d would control Hessian ßy in compressed standard bales of hay.
The objectives of this study were to conÞrm, in a large-scale commercial test, the efÞcacy of a new quarantine treatment of bale compression and fumigation to control Hessian ßy in large-size, polypropylene fabric-wrapped bales for export to Japan and to determine if a fumigation period of 3 d would control the pest in compressed standard bales of hay.
Materials and Methods
A large-scale commercial test with large-size, polypropylene fabric-wrapped bales was conducted from 29 November to 6 December 2001, in Ellensburg, WA. Procedures used were similar to those described by Yokoyama et al. (1996 Yokoyama et al. ( , 1999 for standard-size hay bales and modiÞed for use with large-size bales. A large-scale commercial test of a 3-d hydrogen phosphide fumigation for compressed standard bales was conducted on 26 Ð29 July 2000 in Aurora, OR, using procedures described by Yokoyama and Miller (2002) .
Large-Size, Polypropylene Fabric-Wrapped Bales. Hessian ßy puparia used in the large-scale commercial test were reared on wheat seedlings in ßats (28 ßats, 36 cm wide by 51 cm long by 6.5 cm high) in a greenhouse at the USDAÐARS, Horticultural Crops Research Laboratory, Fresno, CA, according to methods described by Yokoyama et al. (1996) . The number of wheat seedlings per row in each ßat used was reported as the mean Ϯ SEM of two replicates of 10 Ð11 rows.
Fourteen rows of infested wheat seedlings were harvested at random from 28 ßats (11 rows per ßat) and divided into 24 replicates of controls. Each replicate was placed on a watered pot of vermiculite and covered with a glass cage (approximately 10 cm wide by 8 cm high; Pyrex No. 3250; Corning Glass Works, Corning, NY) to determine adult emergence.
The estimated number of Hessian ßy puparia per plant in the control was calculated by the mean number of adults reared per plant in 24 replicates from 14 rows. The total number of rows of infested wheat seedlings used for the control was subtracted from the total number of rows used in the large-scale commercial test.
Fabric bags (20 cm wide by 30 cm long) were sewn from 100% nylon, pink voile. The bag was stitched along the length on both sides and across the width in the middle to make two pouches. Openings were cut at the top of each pouch. Wheat seedlings infested with Hessian ßy puparia (1.6 rows from a ßat, Ϸ145 seedlings) were placed into each pouch. A total of 180 pouches were Þlled with 294 rows of infested wheat seedlings. Pink ßagging tape was attached to the top (122 cm long tape) and bottom (30 cm long tape) of the fabric bag to facilitate placement in each bale and recovery after each test.
The fabric bags containing wheat seedlings and a copper plate, used to determine severity of exposure to hydrogen phosphide, were lowered by ßagging tape into the hopper of a large-size bale compressor (32 kg/cm 2 of pressure) and compressed with timothy hay, Phleum pratense, in Ellensburg, WA. Two fabric bags containing infested wheat seedlings were placed near each end and in the middle of each test bale (six fabric bags per bale), and the copper plate was placed in the middle of the bale. The compressed bales of timothy hay were extruded into polypropylene fabric (12 by 12 mesh; EMS Flexible Packaging, Upland, CA) sleeves. The Þnal size of the polypropylene fabricwrapped bale was Ϸ114 cm wide by 114 cm long by 76 cm high. Fifteen bales were prepared with test materials (total of 90 fabric bags with two pouches per bag and 15 copper plates).
The three freight containers (Ϸ2.4 m wide by 12.2 m long by 2.9 m high, volume 76.4 m 3 ) were loaded inside a building heated with propane radiant heaters (Yokoyama et al. 1996) at 20ЊC. Nine rows of largesize, polypropylene fabric-wrapped bales with six bales per row (two bales wide by three bales high) were placed into each freight container. All bales were held in the heated building before loading. One bale containing six fabric bags of wheat seedlings per bale and a copper plate was placed at random in each of the following Þve positions in the freight container: front (row 1) top and bottom, middle (row 5), and back (row 9) top and bottom.
Bale temperature was recorded every 2.0 min during the test with temperature loggers (model XTI08; StowAway, Logan, UT) that had external thermistors on extension cables (1.8 m long) placed in the interior of the bales through polyethylene tubing (4 mm inner diameter) inserted in drilled channels. Temperatures were recorded in each bale that had test materials in each of the Þve positions in the freight container and in the middle air space among the bales of the middle row. Temperatures were reported as the mean Ϯ SEM of the three replicate freight containers over 1Ð3 d and 1Ð7 d.
Polyethylene gas lines as described by Yokoyama et al. (1999) were connected by rubber tubing to stainless steel tubing (50.8 cm long by 5 mm inner diameter) driven into the same bales as test materials and temperature thermistors. The gas lines were extended to the back door from the test bales in each of the Þve positions in the freight container and from the middle air space. A copper plate was attached to the inside of the back door of the freight container.
Each freight container with test materials was considered a replicate and the test was replicated three times. One large-size polypropylene fabric-wrapped bale was placed near the three freight containers and used as a control for residue analysis. Temperatures inside the heated building were monitored with a hygrothermograph and reported as the mean Ϯ SEM of the daily high and low temperature for 7 d.
The freight containers were fumigated in the heated building with 61 g/28.3 m 3 aluminum phosphide for 7 d. Gas concentrations were determined each day for 7 d after the beginning of fumigation. Fumigant concentrations were determined with Dräger Phosphine 50/a tubes (Dräger, Lü beck, Germany). Concentrations were reported as the mean Ϯ SEM of the three replicate freight containers over 1Ð3 d and 1Ð7 d.
At the end of the 7-d fumigation, the freight containers were aerated overnight and unloaded. The test materials were removed from the bales and transported to the USDAÐARS, San Joaquin Valley Agricultural Sciences Center (SJVASC), Parlier, CA (formerly USDAÐARS, Horticultural Crops Research Laboratory, Fresno, CA) for evaluation. Corrosion of copper plates in each test bale and from the freight container door were scored as 1, light; 2, moderate; August 2003 YOKOYAMA AND MILLER: HAY TREATMENTS FOR HESSIAN FLYand 3, severe; and reported as the mean Ϯ SEM of the three replicates for each location. Infested wheat seedlings recovered from the largescale commercial test were removed from the cloth bags and placed on watered pots of vermiculite, covered with a glass cage, and handled in the same manner as the unexposed controls. These cages and the control cages were inspected for adults at 1-to 3-d intervals until no adults were detected for 9 consecutive d in the controls. The number of Hessian ßy adults reared per plant in the control was multiplied by the number of wheat seedlings used in the largescale commercial test to determine the total population of insects tested.
Three samples of hay (Ϸ200 g per sample) were collected at random from bales containing test materials in the front, middle, and back locations in each of the three replicate freight containers after aeration and during recovery of test materials. Three samples of hay were also collected from the nonfumigated control bale. The samples were transported to the USDAÐARS, SJVASC, Parlier, CA, and frozen until used for residue analysis. Residues were determined according to methods described by Yokoyama et al. (1994b) . Fumigant concentrations were reported as the mean of three replicates of three determinations per location in the freight container after overnight aeration.
Three-Day Fumigation for Compressed Standard Bales. Eleven rows of infested wheat seedlings in each of six ßats were treated in the large-scale commercial test. Twenty-four samples of Ϸ50 infested wheat seedlings from Þve ßats with 11 rows were used for the control. Each of the 24 samples was placed on a watered pot of vermiculite and covered with a glass cage. The mean number (ϮSEM) of Hessian ßy adults that emerged per pot was multiplied by the total number of pots of infested wheat seedlings used in the largescale commercial test to determine the total population tested.
Fabric bags (Ϸ28 cm wide by 28 cm high) containing six pouches were sewn as described by Yokoyama et al. (1996) . A total of 66 rows of infested wheat seedlings were placed in 90 pouches (Ϸ67 seedlings per pouch) of 15 fabric bags. Three fabric bags Þlled with infested wheat seedlings were placed in the front, middle, and back, and a copper plate to detect hydrogen phosphide (Yokoyama et al. 1993a ) was placed in the middle of one standard rye straw bale and compressed (105 kg/cm 2 of pressure). Five bales were prepared in this manner for the large-scale commercial test.
The large-scale commercial test of the 3-d hydrogen phosphide fumigation of Hessian ßy puparia in compressed standard bales was conducted simultaneously with a large-scale commercial test with cereal leaf beetle, Oulema melanopus (L.), adults as described by Yokoyama and Miller (2002) . One of Þve compressed standard bales containing three bags of infested wheat seedlings was placed in each of the following positions in a freight container: front top, front bottom, middle bale, back top, and back bottom. The freight containers were loaded with 26 rows (16 bales per row), and rows 1, 13, and 26 were considered the front, middle, and back (adjacent to the door), respectively. Temperatures and fumigant concentrations were determined as previously described (Yokoyama and Miller 2002) . The freight container was fumigated for 3 d with 60 g aluminum phosphide/28.3 m 3 . After fumigation, the freight container was aerated overnight and unloaded, and the test materials were removed. The treated wheat seedlings in each of three bags per bale for each different position in the freight container were equally divided (Ϸ50 plants) and placed on 24 watered pots of vermiculite and covered with glass cages. Cages with infested wheat seedlings that had been exposed to compression and fumigation and the controls were inspected for Hessian ßy adults every 1Ð3 d until no live adults were detected for 5 consecutive d.
Results and Discussion
Large-Size, Polypropylene Fabric-Wrapped Bales. The total number of Hessian ßy puparia tested in three replicates of the large-scale commercial test was 37,167 (Table 1 ). The total number was calculated by the total number of infested wheat seedlings used in the test (26,548) multiplied by the number of Hessian ßy adults (1.4) reared per plant in the controls. Approximately 12,389 Hessian ßy puparia were tested in each replicate freight container.
After 63 d, no Hessian ßy puparia survived (Table  2) , based on no live adult emergence from infested wheat seedlings exposed to bale compression and hydrogen phosphide fumigation for 7 d in the large-scale commercial test. Evaluation of survival was ended when no Hessian ßy adults emerged from the controls for 9 consecutive d.
The hydraulic ram used in these tests compresses the hay in 3Ð5 strokes into a large-size bale after the hay has been passed through a slicing grid. The amount of pressure (32 kg/cm 2 ) used to make the large-size bale is less than the amount of pressure (80 kg/cm 2 ) used to make compressed standard bales (Yokoyama et al. 1999) but is greater than the amount of pressure (0.21 kg/cm 2 ) required to destroy Hessian ßy puparia (Yokoyama et al. 1993b ). The multiple strokes of the hydraulic ram needed to make a largesize bale may enhance destruction of the puparial stage. The infested wheat seedlings that were removed from the fabric bags at the end of the large-scale commercial test were severely damaged by compression and similar in appearance to infested wheat seedlings exposed to standard bale compressors.
The copper plate corrosion values in the middle of the large-size bales in all locations in the freight container visually indicated moderate exposure to hydrogen phosphide during the test (Table 2) . Copper plates located on the inside of the freight container doors were severely corroded. The amount of corrosion observed on copper plates in this test were the same as reported for compressed standard bales by Yokoyama et al. (1999) .
The mean Ϯ SEM of the lowest and highest daily temperature in the heated building over 7 d was 20.1 Ϯ 1.1ЊC. Bale temperatures in different locations in the freight container during the 7-d test are shown in Table 2 . Mean temperatures in the large-size bales ranged from 18.0 to 26.0ЊC during the 7-d test. High mean temperatures were observed in bales in the front top and back top compared with other locations in the freight containers. Variations in bale temperatures compared with the building temperatures were attributed to the close proximity of the freight containers to the radiant heaters in the building (Yokoyama et al. 1996) . The test with large-size bales was conducted during cold weather, and use of the heated building enabled fumigation under controlled temperatures at the proposed dose of 61 g/28.2 m 3 aluminum phosphide for 7 d (Degesch America 2000) and overnight aeration.
A fumigant dose of 61 g/28.2 m 3 aluminum phosphide is proposed to control Hessian ßy in large-size, polypropylene fabric-wrapped bales. A fumigant dose of 60 g/28.2 m 3 is currently used for the multiple quarantine treatment for compressed standard bales. Aluminum phosphide tablets can be purchased in 33-tablet packages, and a dose of 61 g/28.2 m 3 would eliminate the need to subdivide the tablets. Yokoyama et al. (1994b) reported that Hessian ßy response was similar at dosages of Ͼ60 g/28.2 m 3 aluminum phosphide for 3 d in laboratory tests.
Fumigant concentrations in large-size, polypropylene fabric-wrapped bales in six positions in three replicate freight containers are shown in Table 2 . Highest mean concentrations of hydrogen phosphide were observed after 3 d of fumigation except for the front bottom and middle air locations and ranged from 367 to 425 ppm. Mean fumigant concentrations after 7 d ranged from 253 to 407 ppm in all locations in the freight containers. The fumigant concentrations observed in the large-scale commercial test with largesize, polypropylene fabric-wrapped bales were similar to those observed with Þlm-wrapped units of compressed standard bales (Yokoyama et al. 1999) .
Hydrogen phosphide residues after fumigation and aeration are reported in parts per billion in Table 3 and were below the U.S. Environmental Protection Agency tolerance of 0.1 parts per million in animal feeds (Degesch America 2000) . Hay that is compressed and fumigated in large-size, polypropylene fabric-wrapped bales is safe for use as animal feed.
Exporting hay in large-size, polypropylene fabricwrapped bales is more economical than exporting compressed standard bales because the product is readily handled and neatly packaged. Timothy hay was used in the large-scale commercial test as the representative species for all other hays to be exported to Japan by this method. The results of our large-scale commercial test fulÞlls regulatory agency testing requirements and conÞrms the efÞcacy of compression and fumigation to control Hessian ßy in large-size, (Yokoyama et al. 1993a, b) . An increase in bale pressure was related to an increase in mortality of Hessian ßy puparia (Yokoyama et al. 1993a, b) and would help control the test population. This pressure (105 kg/cm 2 ) alone resulted in complete control of cereal leaf beetle larvae (Yokoyama and Miller 2002) .
The large-scale commercial test of the 3-d fumigation to control Hessian ßy in compressed standard bales was conducted under the same conditions as those reported for cereal leaf beetle adults (Yokoyama and Miller 2002) . The sum of the copper plate corrosion values from each of six locations in the freight container after a 3-d fumigation was 12, indicating that the fumigant penetrated the compressed bales that contained Hessian ßy puparia. The copper plate corrosion value was similar to a previous value of 13 (Yokoyama et al. 1999 ) obtained during a conÞrma-tory test of a 7-d fumigation.
Mean Ϯ SEM temperatures were 26.2 Ϯ 0.6ЊC in bales in the different locations in the freight container, and exceeded the recommended temperature of Ն20ЊC for a 3-d fumigation (Degesch America 2000) . Hydrogen phosphide concentrations ranged from 450 to 515; 300 to 385; and 100 to 125 ppm in the different locations in the freight container on the Þrst, second, and third day of fumigation, respectively. The fumigant concentration averaged Ͻ400 ppm over the 3 d of fumigation.
The large-scale commercial test of the 3-d hydrogen phosphide fumigation of compressed standard bales shows the potential for the treatment to control Hessian ßy in exported hay. The 3-d fumigation period is more economical than the 7-d fumigation used in the approved multiple quarantine treatment (Yokoyama et al. 1999) for standard bales of hay exported to Japan. Further commercial testing will be required to conÞrm efÞcacy against Hessian ßy and feasibility of application.
